Introduction
Aetiologic heterogeneity is involved in cleft lip, with or without cleft palate [CL(P)], and isolated cleft palate (CP) with relative contributions from genetic and environmental sources (Blanton et al., 2004) . Genetic contributions are minimal in some cases, heavily weighted to one parent in others, and approximately equal where each parent possesses the same degree of predisposing factors (Ward et al., 1989) . Features predisposing to CL(P) and CP are specified by the parental genome and may be identifiable in the parental phenotype. This is the premise of investigations of the craniofacial morphology of the parents of children with CL(P) and CP (McIntyre and Mossey, 2002b; Weinberg et al., 2006) . Moreover, the correlation between the craniofacial morphology of children and their respective parents (Saunders et al., 1980; Suzuki and Takahama, 1991; Johannsdottir et al., 2005) means the craniofacial skeleton of the parents of children with CL(P) and CP provides an opportunity to investigate craniofacial skeletal asymmetry as a heritable predisposing factor in CL(P) and CP.
Craniofacial asymmetry is most obvious in unilateral CL(P), where nasolabial distortion is accompanied by underlying hard tissue asymmetries such as alveolar defects, secondary palatal clefts, and lateral expansion of the piriform aperture (Zemann , 2002) . However, subtle asymmetries are also present in bilateral CL(P) and CP, particularly where the right or the left palatal shelf fuses with a section of the nasal septum (Kilpeläinen and Laine-Alava, 1996) . Furthermore, the expression of craniofacial morphogenes involved in the aetiopathogenesis of CL(P) and CP (McIntyre and Mossey, 2002a) may produce asymmetries at other craniofacial regions.
Coupled with the consistent finding of the left-sided predilection of CL(P) across ethnic groups, there are reports of deviations in symmetry in CL(P) families including dermatoglyphic asymmetry (Woolf and Gianas, 1976; Kobliansky et al., 1999; Neiswanger et al., 2002) and nonright-handedness (Rintala, 1985; Wentslaff et al., 1997) . It would therefore be useful to detect the phenotypic predisposition in clefts by an assessment of the craniofacial skeleton if asymmetry was consistently identified.
There are few published investigations of parental craniofacial asymmetry in clefting. McIntyre and Mossey (2002a) found that a heterogeneous group of parents of children with CL(P) and CP exhibited shape-related but not size-related asymmetry. Yoon et al. (2003) suggested that a unilaterally increased nasomaxillary width in parents may play a key role in the development of ipsilateral CL(P) in SUMMARY The objective of this study was to evaluate asymmetry of the parental craniofacial skeleton of subjects with a cleft lip, with or without cleft palate [CL(P)], and isolated cleft palate (CP).
The postero-anterior (PA) cephalograms of 52 parents of children with CL(P) and 40 parents of children with CP from a sample of 196 children with non-syndromic clefts in the west of Scotland were analysed. A conventional cephalometric asymmetry analysis was used to evaluate size-related right:left asymmetry comprising eight linear distances, nine angular, and three facial area measurements. Right:left ratios of the mean values identified the direction of the asymmetry and two-sample t-tests determined statistical significance. A shape-related asymmetry analysis was also undertaken. The configurations of landmarks were optimally superimposed and scaled using Procrustes algorithms. Euclidean distance matrix analysis (EDMA) was then compared and the shape of the left and the right landmark configurations were statistically tested using a non-parametric bootstrap technique.
For the parents of CL(P) children, size-related asymmetry was identified and the area of the craniofacial polygon was statistically significantly larger on the right than on the left side. EDMA detected the presence of shape-related asymmetry (T statistic = 1.304; P = 0.003). For the parents of CP children, although size-related asymmetry was identified, EDMA did not identify shape-related asymmetry (T statistic = 1.281; P = 0.065).
Size and shape directional asymmetries are characteristic features of the parental craniofacial skeleton in CL(P). Although directional size asymmetry is present in the parental craniofacial skeleton in CP, shape asymmetry is not a characteristic feature. their offspring. More recently, Neiswanger et al. (2005) found asymmetry in ear size in Chinese families with CL(P). Further studies are required before any specific morphogenes coding for particular asymmetric phenotypic features of CL(P) and CP can be investigated.
Asymmetries are classified as fluctuating (FA), directional (DA), and antisymmetry (AA). FA is part of craniofacial skeletal variability within populations and indicates overall developmental stability. DA presents as a left-right sided discrepancy and is explainable by early embryonic regulation by homeobox genes (Pirttiniemi, 1998) . Moreover, DA leftright differences are associated with the genetic inheritance pattern of laterality and early childhood developmental patt erns (Pirttiniemi, 1998) . Clearly, DA is a feature of CL(P) because of the predominance of left-sided clefts (Paulozzi and Lary, 1999) , superimposed on the background population FA. AA is a systematic deviation from symmetry, but despite population variability, the bimodal distribution is centred on zero.
Cephalometric analyses have assessed size-related asymmetry using postero-anterior (PA) cephalo grams, most combining linear distances, angles, and area measurements (McIntyre and Mossey, 2002a; Yoon et al., 2003) . However, shape asymmetry is arguably of greater relevance in the search for CL(P) and CP morphogenes. Mathematical shape is the information that remains when the properties of size, location, and orientation are eliminated from biological data (Kendall, 1989) . Conventional cephalometric asymmetry analyses (CCAA) are therefore unable to produce shape information despite their ability to derive information about size-related asymmetries. Biological shape data have proven to be important in the phenotypic identification of the morphogenetic features of Pfeiffer, Saethre-Chotzen, Carpenter, Crouzon, and Apert syndromes (Young et al., 1986; Richtsmeier, 1987 Richtsmeier, , 1988 Lele, 1990, 1993) . Procrustes transformation and Euclidean distance matrix analysis (EDMA) is one morphometric method of evaluating shape-related asymmetry (Hay et al., 2000) , by comparing the shapes of the right and left landmark configurations using a series of ratios of Euclidean distances arranged into a matrix for analysis. Notwithstanding, morphology is a combination of size and shape (Klingenberg, 2002 ) and investigations of asymmetry should involve an assessment of both size-and shape-related asymmetry.
The aims of this study were to identify if regions of the parental craniofacial skeleton of CL(P) and CP subjects demonstrate directional skeletal asymmetry using CCAA to evaluate size-related asymmetry, while a combination of a Procrustes transformation and subsequent EDMA ) evaluated shape-related asymmetry.
The null hypothesis tested is that the parents of children with CL(P) and CP demonstrate craniofacial skeletal symmetry.
Subjects and methods
The biological parents of all children with non-syndromic CL(P) and CP born in the West of Scotland between 1 January 1980 and 31 December 1984 were invited to volunteer for a project having ethical approval for obtaining PA cephalograms. Of 196 parental pairs, 136 parents replied. Thirty-two subjects defaulted for record collection. The participants were confirmed verbally as the biological parents of the index case. Twelve of the 104 volunteers were excluded because of previous trauma or poor quality PA cephalograms leaving 92 parental PA cephalograms for study. There were 40 parental pairs, plus eight fathers and four mothers. Fiftytwo were from parents of children with CL(P) and 40 from parents of children with CP. The high CL(P) to CP ratio approximating 1:1 is representative of the West of Scotland population (Fitzpatrick et al., 1994) compared to ratios of 2:1 in other European centres (Jensen et al., 1988) . The mean parental age was 37.2 years and was representative of the population compared with UK census data (1981 census, 1991) .
The PA cephalograms were obtained by one radiographer using an Orthoceph 10 cephalometer (Siemens Plc; Siemens House, Bracknell, Berkshire, UK). The source-transporionic axis distance was 152 cm and the transporionic axis-film distance 12 cm. The subjects were positioned with the transporionic axis and Frankfort plane horizontal to the floor (Grummons and Kappeyne, 1987) , while the ear-rods and nasal rest were used to eliminate rotational errors. The standard cephalometer settings were 74 kV, 15 mA, 0.64 second exposure time for males and 73 kV, 15 mA, 0.5 second exposure time for females, with magnification standardized at 10 per cent. The films were scanned at 600 dpi and displayed on a flat screen personal computer monitor with a pixel size of 0.051 mm, smaller than the 0.1 mm maximum as recommended by Quintero et al. (1999) . The x, y coordinates of 29 skeletal landmarks ( Figure 1 ) were digitized by one investigator (GTM) under identical conditions using an automated routine. In order to evaluate individual landmark intraoperator reproducibility, 25 per cent (n = 24) of the images were redigitized 1 month later by the same investigator (Houston, 1983) . Random and systematic errors were calculated using the coefficient of reliability and a two-sample t-test where the level of significance was 0.95 for the random error values and P < 0.1 for systematic errors. Consequently, five landmarks [CG, IO(R), IO(L), Cond(R), and Cond(L)] were excluded to leave 24 reproducible landmarks for analysis.
Size asymmetry
CCAA, comprising eight linear distance, nine angular, and three facial area measurements, were used to measure right:left size-related directional asymmetry. These were calculated from the coordinate data using a spreadsheet. The linear distance variables measured the transverse component of the anterior and posterior cranial base, the orbital, zygomatic, nasal, and maxillary regions. The angular measurements represented the right and left zygomatic bones, the maxillary halves, and the right and left sides of the nasal cavity. The areas of the right/left polygons, right/ left maxillozygomatic complexes, and right/left nasal cavities were also calculated. Right:left ratios of the mean values identified the direction of the asymmetry and twosample t-tests determined statistical significance (Table 1) .
Shape asymmetry
Morphometric asymmetry analysis (MAA) was used to evaluate shape-related asymmetry. Uniformly scaled right and left landmark configurations were produced using the thin plate spline small program (ftp://life.bio.sunysb.edu/ morphmet/tpssmalw32.exe). Procrustes algorithms simultaneously scale the configurations of the 24 landmarks to uniform size, translating them to superimpose the centroids (the geometric midpoint), and iteratively rotate them to minimize the squared differences between landmarks (Auffray et al., 1999) . This produces the position of 'optimal fit' of the landmark configurations being tested. These uniformly scaled landmark configurations were then used to investigate right:left shape asymmetry using EDMA. The FORM procedure of the EDMA software (Cole, 1999) performed a form difference analysis on the mean x, y coordinates of the landmark configurations. This program generates a form matrix for each left and right landmark configuration by calculating all possible Euclidean distances between landmark pairs. Each pair of homologous Euclidean distances from the form matrices are then systematically compared as a ratio, producing the Form Difference Matrix (FDM), sorted to rank the elements according to increasing value. The sorted FDM allows the identification of the elements of the FDM corresponding to the regions of greatest shape asymmetry. The T statistic for form-difference testing was calculated as the ratio of the largest to the smallest of the elements of the FDM. This represents the overall right:left shape difference for both the CL(P) and CP groups. The statistical significance of T was assessed by comparing the observed value to the distribution of T values using a non-parametric bootstrap procedure (Richtsmeier and Lele, 1993) , based on 1000 resamples (pseudosamples). The proportion of boot strapped T values greater than T are represented as a P value.
Results

Parents of children with CL(P)
The results of the CCAA for the parents of children with CL(P) are shown in Table 2 . None of the linear distance measurements were statistically significantly different between the right and left sides of the craniofacial complex. Although all three angles in the triangle depicting the inferior half of the maxillozygomatic complex statistically significantly differed between the right and left sides of the craniofacial skeleton (P < 0.05), the only area measurement that was statistically significantly asymmetric was the area of the craniofacial polygon, where the right side was larger than the left (P < 0.05).
The sorted FDM of the MAA for the parents of children with CL(P) is shown in Table 3 . Figure 2 displays the ratios of the Euclidean distances as lines between the respective homologous landmarks in 10 per cent groupings. Although 78 out of 79 ratios (99 per cent) were within the 0.9-1.0 and 1.0-1.1 groupings, involving less than a 10 per cent difference in morphology between the right and left sides, the T statistic was 1.304, with only 0.3 per cent of the bootstrapped T values being greater than T. Thus, a 
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statistically significant morphological difference existed between the right and left sides of the craniofacial complex in the parents of children with CL(P), P = 0.003). There were no ratios below 0.9 or greater than 1.2. The median ratio was 1.001, between MX and C.
Parents of children with CP
The results of CCAA for the parents of CP subjects are shown in Table 4 . All three angles in the triangle depicting the inferior half of the maxillozygomatic complex statisti cally significantly differed on the right and left sides (P < 0.05), while the T statistic (maximum/minimum): 1.304 (P = 0.003). Median ratio in bold. only area measurement that was statistically significantly asymmetric was the area of the craniofacial polygon, where the right side was larger than the left (P < 0.05). The FDM of the MAA for the parents of children with CP is shown in Table 5 . The T statistic was 1.281 (P = 0.065), and thus, although a morphological difference was present between the right and left sides of the craniofacial complex in CP, this was not statistically significant. This is because 6.5 per cent of the bootstrapped T values were greater than the observed value of T.
PARENTAL SKELETAL ASYMMETRY IN CL(P) AND CP
Discussion
Statistically significant size and shape asymmetries were detected in the parents of children with CL(P), while only a size asymmetry was identified in the parents of those with CP. The null hypothesis was rejected and the alternative hypothesis supported. The existence of DA in both the parents of children with CL(P) and CP was confirmed by the statistically significantly larger polygon on the right side for both parental groups. These findings are logical considering the significantly asymmetric nature of unilateral CL(P) and the less asymmetrical presentation of CP.
There was only one EDMA ratio that showed a difference greater than 10 per cent in the right and left landmark configurations of the parental CL(P) group (Figure 2 ; GWSO-MZF: 1.175). This threshold has been suggested as being clinically significant (McIntyre and Mossey 2002a) . Although ratios between 0.900 and 1.100 characterize minor right/left asymmetries, the overall shape difference between the right and left sides of the parents of CL(P) children was statistically significant (P = 0.003). The median ratio estimates the general size difference represented by the separate asymmetry FDM. Values close to 1.000 confirm that the right and left morphologies for each group were correctly scaled in advance of conducting EDMA .
PA cephalograms were selected for this study because they provide a significant amount of biological information in relation to the relatively low ionizing radiation dose (Melsen and Baumrind, 1995) . Although the threedimensional nature of craniofacial asymmetries can be assessed using computerized tomography, the increased ionizing radiation dose was not justifiable.
CCAA are the customary methods of evaluating craniofacial skeletal asymmetry on PA cephalograms. Most use constructed reference planes for comparison of variables on the respective sides of the craniofacial skeleton. An imaginary straight cephalometric midline does not represent the biological midline, especially in subjects with craniofacial scoliosis and craniofacial microsomia (Trahar et al., 2003) . In addition, as slight head rotation in the cephalometer alters the relationship of landmarks to this midline, the use of a constructed midline may produce inaccurate results (Athanasiou et al., 1996) . The landmarks N and ANS were therefore selected to represent the biological midline as they are highly reproducible and were appropriate for assessment 183 PARENTAL SKELETAL ASYMMETRY IN CL(P) AND CP Median ratio in bold.
of facial asymmetry as they are located in the same anteroposterior plane as facial landmarks that in other planes would be subject to excessive geometric errors (Pirttiniemi et al., 1996) . Furthermore, the anterior facial location of N and ANS means they are unlikely to be distorted by cranial or dental asymmetries. This method possesses greater validity than simply calculating a series of linear distance measurements between landmarks and constructed reference planes.
As there is no standard CCAA the variables in Table 1 were selected to represent the craniofacial complex. This comprised the ratios of right to left linear distance, angular, and area measurements. Interestingly, no previous study has employed ratios although this method eliminates size variability between study participants. Nevertheless, information derived using geometric morphometric techniques such as Procrustes superimposition followed by EDMA may be of greater relevance in the elucidation of the parental craniofacial morphology in CL(P) and CP than that derived from a series of measurement-based computations in CCAA. It remains that parental cephalometric information derived using both traditional and geometric morphometric techniques should be synthesized in investigations of the CL(P) and CP genotype and phenotype (McIntyre and Mossey, 2003) . This is because an evaluation of morphology should involve both assessments of size and shape (Klingenberg, 2002) .
Nevertheless, this study has limitations. Controls were not available to estimate the level of asymmetry in the Scottish population. Notwithstanding the presence of FA within this population, overall AA will result where the level of craniofacial asymmetry is zero (Pirttiniemi, 1998) . Retrospective studies can be associated with bias. This was minimized by selecting the experimental group from a completely ascertained sample of children with nonsyndromic CL(P) and CP from a record registry. This eliminated subjectivity in the parental sample selection. Although the parental sample was not consecutive, including both biological parents of consecutive births, the ratio of CL(P) to CP was similar to published data for the Scottish population (Fitzpatrick et al., 1994) . Epidemiologically, the parental group represented West of Scotland parents of children with CL(P) and CP. However, the CL(P) group were parents of children with both unilateral and bilateral CL(P), and the association between the parental craniofacial skeletal asymmetry and the laterality of the unilateral CL(P) defect in their children was not investigated. The parents of children with unilateral and bilateral CL and CLP were grouped together. Mossey et al. (1998) found distinctive differences between CP and both the CL and CLP groups, but there were no differences between the latter two groups in this lateral cephalometric study of parents of children with clefts. As a result, it was deemed appropriate to keep the CL and CLP parents in one combined group. Although a more recent Norwegian study (Harville et al., 2005) asks this question about CL and CLP differences, this is a single centre study and there is still no consistent rationale to separate CL and CLP on a genetic basis. Replication of the Norwegian findings is awaited before incorporating this into future research strategies. Similarly, there is as yet no evidence to genetically distinguish between unilateral and bilateral clefts and it was therefore legitimate to group these together.
The relevance of the findings of this study to the search for morphoregulatory clefting genes is twofold. Firstly, the parental craniofacial skeleton demonstrating directional asymmetry may confer a direct genetic susceptibility to CL(P) and CP by patterning aberrant embryonic craniofacial morphologies via early embryonic regulation by homeobox genes (Pirttiniemi, 1998) and predisposing the embryo to either CL(P) or CP. This may produce asymmetric discrepancies between the size of the embryonic facial processes and the craniofacial complex preventing contact and/or subsequent fusion of the facial processes during primary and secondary palatal development. This is accordance with the findings of Yoon et al. (2003) . Indeed, homeotic genes such as morphoregulatory genes (controlling craniofacial morphogenesis; Slavkin, 2000) specify the geometry of orofacial form, and these could be of significance in the development of CL(P) and CP, by patterning aberrations in embryonic craniofacial morphology. Mounting evidence suggests that variants at the TGFb and MSX1 loci may be important in the genetic contribution to orofacial clefting (Blanco et al., 2001; Mitchell et al., 2001) , while other candidate genes are also under investigation (Vieira et al., 2005) . MSX1 has been implicated in the aetiopathogen esis of both CL(P) and CP (Lewanda and Jabs, 1994) , while TGFb3 has also been implicated in CL(P). Could it be that the parental craniofacial shape in CL(P) and CP is principally specified by a variant forms of MSX1, MSX2, JAG2, SKI, FOXE1, GLI2, JAG2, LHX8, MSX1, MSX2, SATB2, SKI, SPRY2, and TBX10, predisposing towards morphometric susceptibility in their offspring, with TGFb3 (produced in the palatal mesenchyme; Kaartinen et al., 1995; Ferguson, 2000) , for example, being one local factor affecting primary palatogenesis or secondary palatal shelf fusion?
The finding of asymmetries relatively distant to the oronasal region suggests that overall craniofacial skeletal asymmetry in the non-cleft parental group is evidence of a CL(P) and CP microform. Logically, sufficient phenotypic and genotypic data will be required before CL(P) and CP morphogenes can be confirmed. Coupled with this, advances in high throughput genotyping make it possible to test panels of genes in an effort to establish their significance to parental craniofacial genotype and aetiopathogenesis of orofacial clefting (Park et al., 2006) . Further studies evaluating asymmetry in non-cleft individuals and individuals with CL(P) and CP using morphometric techniques are required, particularly to confirm if directional asymmetry is a feature of CL(P) and CP.
Conclusions
Size-related directional asymmetries were present in the parents of children with both CL(P) and CP. Shape-related asymmetry was present in the craniofacial skeleton of the parents of children with CL(P) but not in the parents of children with CP.
